Di¡erent species of bat can be morphologically very similar. In order to estimate the amount of cryptic diversity among European bats we screened the intra-and interspeci¢c genetic variation in 26 European vespertilionid bat species. We sequenced the DNA of subunit 1 of the mitochondrial protein NADH dehydrogenase (ND1) from several individuals of a species, which were sampled in a variety of geographical regions. A phylogeny based on the mitochondrial (mt) DNA data is in good agreement with the current classi¢cation in the family. Highly divergent mitochondrial lineages were found in two taxa, which di¡ered in at least 11% of their ND1 sequence. The two mtDNA lineages in Plecotus austriacus correlated with the two subspecies Plecotus austriacus austriacus and Plecotus austriacus kolombatovici. The two mtDNA lineages in Myotis mystacinus were partitioned among two morphotypes. The evidence for two new bat species within Europe is discussed. Convergent adaptive evolution might have contributed to the morphological similarity among distantly related species if they occupy similar ecological niches. Closely related species may di¡er in their ecology but not necessarily in their morphology. On the other hand, two morphologically clearly di¡erent species (Eptesicus serotinus and Eptesicus nilssonii) were found to be genetically very similar. Neither morphological nor mitochondrial DNA sequence analysis alone can be guaranteed to identify species.
INTRODUCTION
Bats are among the most extensively studied mammals, at least in Europe, and great e¡orts are made in order to maintain their protection (e.g. the Agreement on the Conservation of Bats in Europe within the Bonn Convention). Nevertheless, their degree of species diversity is still uncertain since cryptic species are likely to exist. Three species, Plecotus austriacus, Myotis brandtii and the 55 kHz phonic type of Pipistrellus pipistrellus (which is referred to as Pipistrellus pygmaeus/mediterraneus in this paper) were only discovered during the last four decades and are all common in central Europe (Bauer 1960; Gaukler & Kraus 1970; Hana¨k 1970; Jones & van Parijs 1993) . The existence of further species has been suggested, but their taxonomic status remains unsolved (Tupinier 1977; Hana¨k & Hora¨ek 1983; Bogdanowicz & Wo¨jcik 1986; Volleth 1987; Benda & Tsytsulina 2000) . Cryptic species are assumed to be particularly common in bats ( Jones 1997) . Correct assignment of individuals to biological species is essential for an understanding of the ecology, behavioural strategies, distribution and conservation status of species.
A large number of typically morphological characters are currently used for the classi¢cation and phylogenetic reconstruction of biological species. However, molecular characters such as DNA sequences are rapidly supplementing morphological characters and have proven to be a powerful tool in detecting even morphologically very similar, i.e. cryptic, species (see for example Wilcox et al. 1997; Yoder et al. 2000) .
We tested whether the current classi¢cation, which is based primarily on morphological characters, correlates with mitochondrial (mt) DNA sequence data. Eight hundred base pairs (bp) of the mitochondrial ND1 gene were sequenced in 169 individuals representing 26 out of the 29 European vespertilionid bat species. Whenever possible we investigated individuals from di¡erent geographical regions within a species. Special emphasis was placed on taxa of uncertain taxonomic status. The nomenclature of the 55 kHz phonic type of P.pipistrellus is currently under discussion ( Jones & Barratt 1999; von Helversen et al. 2000) . We refer to this species by using both proposed names throughout the paper: P.pygmaeus/mediterraneus.
MATERIAL AND METHODS

(a) Sample collection
Two to 22 individuals from 27 bat species belonging to the family Vespertilionidae were sampled, including 26 of the 36 European bat species (Mitchell-Jones et al. 1999) . Only those species within European vespertilionid bats that are endemic to islands were not included in this study. One, Myotis ikonnikovi, from western Asia was included in the analysis because its possible occurrence in Eastern Europe has been discussed (Abelencev et al. 1956 ). The 169 bats originated from Morocco, Israel and 17 di¡erent European countries, ranging from Spain to Russia (table 1) . A wing membrane sample was taken from museum specimens or from bats that were caught in the ¢eld.
(b) Genetic analysis
The tissue was digested for 4 h at 56 8C inTNE bu¡er (100 mM NaCl, 100 mM Tris7HCl and 2 mM EDTA, pH 8.0) with 200 mg ml ¡1 proteinase K, 2% SDS and 0.04 M DTT. DNA was isolated according to a salt^chloroform procedure (MÏllenbach et al. 1989) .
The complete ND1 gene was ampli¢ed with the primers ER65 (5'-CCTCGATGTTGGATCAGG-3') and ER66 (5'-GTATGG-GCCCGATAGCTT-3'), which are located in the 16s rRNA and the tRNA-Met genes, respectively (A. Janke, personal communication). The ampli¢cations were carried out in a volume of 25 ml containing 0.2% BSA, 2.5 mM MgCl 2 , 1 mM of each primer, The ¢rst 800 bp of the ND1 gene were used for pairwise sequence comparisons. The sequence alignment was unequivocal since no insertions or deletions were found. Pairwise DNA sequence di¡erences (p distances) were calculated. The neighbour-joining algorithm based on Hasegawa^Kishino^Yano distances (Hasegawa et al. 1985) and a heurisic search under the parsimony criterion was used for phylogenetic reconstruction. All positions and substitution types were weighted equally. The computer software PAUP * version 4.0b4a was used for all analyses (Swo¡ord 2000) .
RESULTS
Four hundred and ¢fty-nine variable and 410 parsimonyinformative positions from 169 DNA sequences from 27 vespertilionid bat species were detected among the ¢rst 800 bp of the mitochondrial gene coding for NADH dehydrogenase (ND1). Pairwise sequence comparisons revealed di¡erences ranging from 0 to 4.75% within a species (table 1) and up to 27% between the two vespertilionid subfamilies Miniopterinae and Vespertilioninae (Koopman 1994) . A phylogenetic analysis of all 169 sequences using the neighbour-joining algorithm revealed a monophyletic clade (bootstrap values of 100) for almost all sequences from specimens that were assumed to belong to a single species (¢gure 1).
(a) Slight sequence di¡erences between species
Species that are currently recognized as distinct taxa were not reciprocally monophyletic and displayed levels of interspeci¢c sequence di¡erence within the range of intraspeci¢c variation in two cases: Eptesicus serotinus plus Eptesicus nilssonii and Myotis myotis plus Myotis blythii clearly form monophyletic groups. The three sequences of E. serotinus clustered monophyletically within the genetically more diverse E. nilssonii (¢gure 1). Eptesicus serotinus and E. nilssonii di¡ered by only 0.7^1.4% while their intraspeci¢c variabilities were up to 0.7 and 1.5%, respectively. Myotis blythii lies within the cluster of M. myotis (0.25^2.6% interspeci¢c di¡erences).Therefore, M. myotis formed a paraphyletic group including the four investigated specimens of M. blythii (¢gure 2). The interspeci¢c sequence di¡erences among all other species pairs were 5.7% or higher.
Specimens within Myotis mystacinus B (¢gure 1) from southeastern Europe are genetically very similar to those from other parts of Europe (¢gure 2) although they have been regarded as belonging to a separate species (Myotis species A by Volleth (1987) and Myotis aurascens by Benda & Tsytsulina (2000) ) on the basis of di¡erences in the location of their nucleolus organizer regions. Specimens of Myotis daubentonii closely resemble each other genetically across Europe, including two specimens from Spain, which belong to a morphotype that is characteristic of Myotis nathalinae Tupinier, 1977 (¢gure 2) .
(b) Large intraspeci¢c sequence di¡erences
Two clearly distinct mtDNA lineages in Myotis mystacinus di¡ered by 13.1^15.9%. The sequence divergence within each lineage was much lower and did not exceed 4.75% (¢gure 3). Individuals of both mtDNA lineages were sampled at the same locations in Greece and Hungary. Two highly divergent mtDNA lineages were also found in Plecotus austriacus, which form a monophyletic clade. Sequences from individuals sampled in Germany di¡ered by 10.6^12.4% from animals found in southeastern Europe (Croatia and Greece). The sequence divergence within a lineage was 10 times lower (¢gure 3). The sequence di¡erences correlate with the current classi¢cation into two di¡erent subspecies Plecotus austriacus austriacus ( J.B. Fischer, 1829) and Plecotus austriacus kolombatovici Dulic, 1980 , which can also be distinguished morphologically (Dulic 1980) .
(c) Phylogenetic relationships
Genera belonging to the same tribe always cluster together and are supported by bootstrap analysis (¢gure 1). The monophyly of the genera Nyctalus, Eptesicus, Myotis and Plecotus is supported by bootstrap values of at least 68, which was not the case for Pipistrellus (bootstrap support below 50%). The resolution of the phylogenetic relationships at the species level was generally poor (¢gure 1). Neither an analysis with a single but complete ND1 sequence (957 base pairs) per species nor a heuristic search using parsimony criteria improved the bootstrap support or changed the phylogenetic relationships with bootstrap support of at least 50% (data are not shown). The cryptic species pair Pipistrellus pipistrellus and P. pygmaeus/mediterraneus clearly group as sister species on a common branch. The divergent sequences within each species are clearly separated. Nyctalus noctula and Nyctalus lasiopterus are more closely related to one another than either is to Nyctalus leisleri. The species pair Eptesicus serotinus/E. nilssonii and Eptesicus bottae also share also a more recent common ancestor than most other species pairs.
DISCUSSION
DNA sequence analysis of the mitochondrial ND1 gene in European vespertilionid bat species in most cases con¢rms the current taxonomic classi¢cation, which is based on morphological characters. All three tribes and the genera Plecotus, Myotis and Nyctalus form monophyletic groups. The genus Pipistrellus might be paraphyletic, although this was not supported by bootstrap analysis. Most species are found on long branches, i.e. they diverged during an early period of vespertilionid bat evolution. A more recent divergence is indicated for N. noctula and N. lasiopterus, P. pipistrellus and P. pygmaeus/ mediterraneus and M. myotis and M. blythii as well as E. serotinus, E. nilssonii and E. bottae. Short branches connect most species, all genera and tribes. Hence, phylogenetic relationships above species level were not well resolved (bootstrap values below 70).
Only slight genetic di¡erences were found within two pairs of species. The interspeci¢c sequence di¡erences between Eptesicus serotinus and E. nilssonii were in the range of intraspeci¢c variation. All sequences of E. serotinus formed a monophyletic group within the genetically more divergent E. nilssonii. This was con¢rmed in a larger dataset by sequencing the mitochondrial control region (data not shown). Both species are well-recognized species that di¡er in many morphological characters. For example, E. serotinus is twice as heavy as E. nilssonii and di¡ers in coloration. Their surprising genetic similarity may have resulted in two di¡erent ways: either the two species diverged rather recently or an introgression of mitochondrial genome secondarily caused the similarity. Indistinguishable karyotypes of both species but clear di¡erences in the banding patterns from the karyotype of E. bottae (Volleth et al. 2001) suggest a recent split and rapid morphological divergence of E. serotinus and E. nilssonii. Myotis blythii was placed within M. myotis (¢gure 2). Gene £ow does not seem to occur between the two species (Ruedi et al. 1990; Castella et al. 2000) although they roost in mixed clusters (Arlettaz 1999) . Both species can even have the same mitochondrial cytochrome b haplotype (Castella et al. 2000) . This indicates a very recent split of the two morphologically similar species, probably during the glaciations of the Pliocene era (Ruedi et al. 1990 ).
(a) Cryptic species diversity Genetically highly divergent mitochondrial lineages raise the question as to whether as yet unknown cryptic species are present because genetic drift eliminates genetic diversity. It was recently shown that the pipistrelle bat represented two cryptic species that had been unrecognized for more than 200 years ( Jones & Van Parijs 1993) : Both species are morphologically very similar (Barlow et al. 1997; HÌussler et al. 1999 ), but they clearly di¡er in their mitochondrial genome (at least 11% in the cytochrome b gene and 10^13% in the ND1 gene (this paper)). A similar situation was found in mouse-eared bat species (Castella et al. 2000) and in the two taxa Myotis mystacinus and Plecotus austriacus (this paper). The DNA sequence di¡erences in both species exhibited a bimodal pattern (¢gure 3). The two mitochondrial lineages di¡ered by between 11 and 13% in both species, while the sequence di¡erences within a lineage were less than 1% and 5%, respectively. Sequence di¡er-ences of at least 11% between clades A and B are clearly in the range of interspeci¢c di¡erences and above the mitochondrial sequence divergence of hybridizing taxa (up to 7% in Bombina toads) (Szymura 1993 ; see also Avise 2000) .
High sequence divergence in P. austriacus was observed between a specimen from Germany (clade B in ¢gure 1) and four individuals caught in Croatia and Greece (clade A in ¢gure 1), which showed the morphological characters of P. a. kolombatovici. This subspecies is smaller and more brownish than the larger grey P. a. austriacus, which is found further to the north (Dulic 1980 Figure 2 . Enlargements of three groups from the neighbour-joining tree in ¢gure 1. The country of sampling is given for all individuals using the country codes listed in table 1. morphological di¡erences between the two subspecies suggest that P. austriacus does indeed represent two separate species. In order to prove a full species rank of both taxa according to the biological species concept (Mayr 1963 ) a denser sampling in the putative contact zone in Croatia is needed for resolving the question of whether both forms occur in sympatry and do not interbreed.
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Myotis mystacinus
The two mtDNA lineages in the whiskered bat (Myotis mystacinus) did not group together in a phylogenetic analysis (clades A and B in ¢gure 1), although statistically this is not well supported. The mitochondrial DNA sequences of other species (M. ikonnikovi and M. emarginatus) are more similar to either one of the two mitochondrial lineages found in M. mystacinus than the two lineages are to each other. This implies that (i) the two lineages represent two di¡erent species and (ii) the two species might not even be sister taxa. Volleth (1987) even distinguished three species within European M. mystacinus according to the location of their active nucleolus organizer regions. Myotis species B in Volleth (1987) corresponds to clade A of M. mystacinus in ¢gure 1 and is now described as Myotis alcathoe (von Helversen et al. 2001) according to di¡er-ences from M. mystacinus in their mitochondrial genome, morphology and location of nucleolus organizer regions and the sympatric occurrence of both species in Hungary and Greece.
Is there a further species of whiskered bat in Europe? Stubbe & Chotolchu (1968) di¡erences between Myotis mystacinus mystacinus from central Europe and specimens from the Balkans, for which they suggested the name Myotis mystacinus przewalskii (Bobrinski 1926) . These bats are slightly larger than the whiskered bats from central Europe and they have longer hind feet, a larger baculum (Strelkov & Buntova 1982; Benda & Tsytsulina 2000; own observations) and di¡er in the location of their active nucleolus organizer regions (Myotis species A in Volleth 1987) . Benda & Tsytsulina (2000) A species rank of M. nathalinae Tupinier 1977 was not supported by our data, and it has already been called into question because of genetic (allozymes) and morphological similarity to M. daubentonii (Bogdanowicz & Wo¨jcik 1986) . The two Spanish specimens of the M. nathalinae type clustered within M. daubentonii from various geographic regions (¢gure 2).
(b) Ecology and convergent evolution
Morphological similarity among recently diverged sibling species can be explained by a lack of disruptive selection on morphological characters or a lack of su¤-cient time for morphological divergence. But why are several bat species morphologically so similar although they diverged a long time, i.e. several million years, ago? An answer might come from the species' ecology: genetically well-di¡erentiated cryptic species pairs resemble each other in diet and habitat selection, and faecal analysis revealed that Lepidoptera comprise the main diet in Plecotus auritus and P. austriacus, although the slightly larger P. austriacus can handle larger prey and is less inclined to pick prey from surfaces (Bauerova 1982; Beck 1995) . Both species can be found in the same roost type and feeding habitat. Myotis mystacinus and M. brandtii had an almost identical prey spectrum and this was not only when both species were caught at the same location during a single night (Taake 1992 Pipistrellus di¡ered in their dietary composition, which can be explained by di¡erences in habitat use (Barlow 1997; Vaughan et al. 1997) . Pipistrellus pygmaeus/mediterraneus feeds predominantly close to habitats associated with water while P. pipistrellus uses a wider range of habitats. Despite these di¡erences the food spectrum largely overlapped in the two species (Barlow 1997) and might have been even more similar if individuals hunting in the same habitat had been compared.
The use of rather similar but not identical ecological niches might have assimilated many morphological characters including body size and wing shape by convergent adaptive evolution or prevented morphological divergence, i.e. common morphological character states are plesiomorphic. The latter hypothesis is a likely explanation for the sibling species P.pipistrellus and P. pygmaeus/mediterraneus and the genus Plecotus because these morphologically similar species form a monophyletic group. Adaptive convergent evolution is more likely to have contributed to morphological similarity among Myotis mystacinus, M. brandtii and M. alcathoe. They diverged at an early stage of evolution in the genus Myotis and all three species are more closely related to other morphologically distinct species than to each other (¢gure 1).
CONCLUSIONS
The analysis of mitochondrial DNA is a useful tool in identifying species, but neither morphological nor DNA sequence analysis alone can be guaranteed to identify all species. Current evidence shows that species that diverged several million years ago can closely resemble each other in morphology. Clear genetic di¡erences among cryptic species allow species' identi¢cation and, hence, the separation of intraspeci¢c from interspeci¢c morphological variation. This could make it possible to ¢nd morphological characters that can be used for species' identi¢cation. The case of Myotis myotis and M. blythii exempli¢es that two species can resemble each other morphologically as well as genetically. Detailed studies on morphology, ecology, echolocation (reviewed by Jones 1997) and gene £ow are required in order to resolve the species status in such cases. Unambiguous species identi¢cation is essential in order to study their distribution, abundance or ecology and, hence, is also important from a conservation perspective.
